Objectives: To examine the sex difference in anthropometric measures of body fatness and to explore the possibility that diet may have differential effects on body fatness in men and women. Design: Prospective study design. Setting: The ®rst and second China Health and Nutrition Survey conducted in 1989 and 1991, respectively. Subjects: 1449 men and 1683 women age 20 ± 35 y at the baseline (1989) survey. Methods: Anthropometric measures of body fatness in men and women were compared. Statistical methods were used to explore the potential difference in the effect of dietary fat on body fatness in men and women. Results: Measures of body fatness, especially peripheral fatness, differed markedly between men and women in this study sample. Statistical analysis suggested that the effect of dietary fat on body fatness may be different in men compared to women. Conclusions: Sexual dimorphism in body fatness has important implications for both clinical and epidemiologic research of obesity. The possibility that diet may have differential effect on body fatness in men and women needs to be investigated.
Introduction
Higher level of body fatness in females represents a fundamental aspect of sexual dimorphism in homo sapiens (Brown & Konner, 1987) . Although adult men are, on the average, about 8% taller and have about 20% larger total body mass than women, body fat constitutes approximately 15% of total body weight in men compared to 27% in women (Bailey, 1982) . Body fatness, particularly the peripheral or limb body fat and the regional fat distribution pattern, is perhaps the most dimorphic of all morphological variables.
The basis of sexual dimorphism in body fatness and body fat distribution is not known. Some strains of mice (for example, obaob) are genetically obese and females more so than males (Kandutsch & Coleman, 1966) . From the anthropological and evolutionary perspectives, females with greater energy reserve as fat may have a selective advantage over their lean counterparts in withstanding the stress of food shortage, not only for themselves, but also for their fetuses or nursing children. Moreover, females, whose reproductive ®tness depends upon their ability to withstand the nutritional demands of pregnancy and lactation, appear to have been selected for the slower mobilization of peripheral body fat than males (Brown & Konner, 1987) .
Deposition of fat starts earlier in girls, from the age of 8 years on, while boys actually lose fat (Glucksmann, 1981) . The body fat content at 25 years is about 14% in men and 26% in women, and this difference increases further with age (Ruch & Patton, 1973) . Speci®c primitive fat organs are also located in different regions in males and females. In men a paunch develops when the primitive fat organs are being ®lled, in women the fat is accumulated in the buttocks, legs and arms (Liebelt, 1959) . Thus, two types of regional fat distribution have been described: the android or upper body ± abdominal pattern in men, and the gynoid or gluteal ± femoral pattern in women. As discussed below, the regional fat distribution is an important factor in predicting health risks associated with obesity, with the abdominal pattern posing particular risk regardless of total body fat (Gillum, 1987; Larsson et al, 1992; National Research Council, 1989) .
Based on these differences, the possibility that diet, particularly dietary fat intake, may have differential effects on the body weight in men and women is also of research interest. Speci®cally, there is evidence to suggest that with presumably similar diet, men and women can differ considerably in average body fatness (Seidell, 1998) . To date, however, the potential sex difference in the effect of diet on body fatness has not been con®rmed. From three recent reviews of the epidemiologic evidence of dietary fat and obesity (Lissner & Heitmann, 1995; Seidell, 1998; Bray & Popkin, 1998) , we have identi®ed ®ve studies of dietary fat and body fatness that included both men and women. Similar proportions of men and women within comparable age ranges were represented in these studies. Except in one study (Klesges et al, 1992) , the analyses were done by controlling for the same potential confounders in both sexes. Results from these studies are summarized in Table 1 .
Although these studies did not focus on the possibility that the effect of dietary fat on body fatness may vary by gender, their results point to the differences in effect of dietary fat on anthropometric measures of body fatness in men and women. Of particular interest are the associations between fat intake and trunk and limb skinfolds in men and women (George et al, 1990) , and the relationship between fat intake at baseline and subsequent weight gain in women compared to the concurrent change in fat intake as a predictor of weight gain in men (Klesges et al, 1992 ; see the discussion in Lissner & Heitmann, 1995) . Not shown in Table 1 is the study by Rissanen et al, which showed a signi®cant relative risk of weight gain among women but not men in the highest quintile of fat intake (Rissanen et al, 1991) .
Apart from these, the possibility that dietary fat may have a differential effect on body fatness in men and women has not been studied. There is evidence, albeit limited, to suggest that such a difference may exist. For example, men and women may be differentially affected by the components of energy balance equation, and gender may be one of the moderating factors associated with weight gain (Klesges et al, 1992) . Speci®cally, the body fat mass and regional fat distribution may have an important in¯uence on metabolism of dietary fat (Flatt, 1987; Kissebah, 1991; Salmon & Flatt, 1985) . Because both body fat mass and body fat distribution are highly sexually dimorphic, the physiologic response to dietary fat (particularly excess dietary fat) may be different in men and women. This is discussed below.
In this study, we examined the differences in mean body mass index, triceps skinfold thickness, and mid-upper arm fat area between men and women. Using multiple regression analysis, we also examined the effect of dietary fat on these anthropometric indices in men and women, taking into account age and physical activity. Data for analysis came from the ®rst and second China Health and Nutrition Survey conducted in 1989 and 1991, respectively.
Methods and procedures

Survey design
The 1989 and 1991 China Health and Nutrition Survey is an ongoing, longitudinal survey covering eight provinces in China. Details of the survey design and survey data were given elsewhere (Popkin et al, 1995) . All eligible adults, 20 ± 45 years of age, were included in this study. The total sample consisted of 5021 men and women, with 4675 adults (93%) provided complete anthropometric and dietary data at baseline. Of these, 3132 individuals (67%) also provided complete data at subsequent follow-up. The overall loss to follow-up rate for this study was 38%. This rate included the subjects who were contacted but did not provide complete dietary and anthropometric data at Sex differences in measures of body fatness S Paeratakul et al follow-up. Earlier analysis suggested that the non-participating individuals were random and did not represent a selected group (Popkin et al, 1995) . Additional analysis showed that the BMI and fat intake of individuals lost to follow-up did not differ signi®cantly from those who remained in the study: the mean BMI and fat intake at baseline of those lost to follow-up were 21.4 kgam 2 and 544 calories compared to 21.5 kgam 2 and 545 calories, respectively, of those who remained in the study (P b 0.1) (Paeratakul et al, 1998a) . Women who were pregnant or lactating at the time of either survey (n 292) were excluded from the analysis.
Survey data Dietary data. Dietary data were collected for three consecutive days. The 24-hour dietary recall was used to obtain dietary data from each person on each of the three days. More than 95% of the individuals in the study sample completed all three recalls. From these data, the average daily intakes were calculated, based on the of®cial 1991 Chinese Food Composition Table. All ®eld workers involved in the collection of dietary data were trained nutritionists. Dietary data used in this paper represent the average (mean) intake from these replicate dietary recalls. We have found that this methodology provides a reasonably accurate and reliable measurement of dietary intake of the study population (Paeratakul et al, 1998b) .
Physical activity data. Physical activity data were obtained from the reported physical activity level at occupation, ranging from 1 (very sedentary) to 5 (very strenuous). These were validated by the information about subject's occupation (for example, sedentary occupation such as of®ce work, and physically demanding occupation such as farming).To provide meaningful comparison groups, the reported physical activity levels were classi®ed into three categories (sedentary, moderate, and strenuous). Since the number of subjects who reported physical activity levels 1 and 5 was small (less than 5% of the total sample), level 1 was combined with level 2 and level 5 was combined with level 4. Data on sport or leisure activity were not available in this study sample. However, we believe that physical activity at occupation represents an adequate proxy measure of energy expenditure in this sample of working adults.
Anthropometric data. Anthropometric measurements were done by trained health workers. Body fatness was assessed in terms of body mass index (BMI), triceps skinfold thickness (TSF), and mid-upper arm fat area (MAFA). In general, these anthropometric measurements have good reliability (Hall et al, 1980; Lohman et al, 1988) , and they are well-correlated with body fatness (Gibson, 1990) . BMI measures body weight adjusted for height, while TSF and MAFA provide an estimate of peripheral body fat depot. Body weight was measured to the nearest tenth of a kilogram with a beam balance scale. Height was measured without shoes to the nearest tenth of a centimeter using a portable stadiometer. Triceps skinfold thickness was measured to the nearest millimeter using Halpenden calipers. Mid-upper arm circumference (MAC) was measured to the nearest tenth of a centimeter using anthropometric tape. where TSF and MAC are both measured in millimeters. This equation gives results that were reported to agree within 10% to values measured by computerized axial tomography (Gibson, 1990) .
Statistical analysis
To examine the sex difference in body fatness, the mean BMI, TSF, and MAFA in men and women were compared by using a two-tail t-test. Since body fatness tends to vary with age, analysis of covariance was used to compare the least squares means, adjusted for possible difference in the age structures of men and women in the sample. However, the results from these two analyses were virtually identical, and the t-test results are reported here.
Correlation between dietary intake and BMI, TSF, and MAFA was done using pairwise correlation analysis. Thereafter, multiple regression analysis was used to examine the relationships between diet, particularly dietary fat, and these anthropometric indices, taking into account age and physical activity. Dietary intake, age, and physical activity data at baseline were used as independent variables and the anthropometric data from the 1991 follow-up survey were used as dependent variables. The analysis of changes in diet and physical activity in relation to change in body weight was presented earlier (Paeratakul et al, 1998a) , with ®ndings that are in general agreement with this study. Because fat intake tends to be highly correlated with total energy intake, the nutrient partition method was used to divide the total energy intake into intake of energy from fat and intake of energy from sources other than fat (Howe, 1989 , Kushi et al, 1992 . These two dietary variables were referred to as`fat energy' and`non-fat energy' in the multiple regression models. Preliminary analysis was done using the total sample and including the diet-gender interaction terms in all models. Thereafter, separate analyses were done for men and women.
All analyses were done with SAS version 6.08 (SAS Institute, 1985) and STATA release 4.0 (Stata Corporation, 1995) .
Results
Women represented 53% of the study population of 3132 individuals. Of the total sample at baseline, 24% and 44% reported sedentary, moderate, and strenuous physical activity levels, respectively. Corresponding ®gures for women were 24%, 34% and 42%, and corresponding ®gures for men were 24%, 29% and 47%, respectively. The mean (s.d.) age at baseline was 33.1 (6.9)y: 33.3 (6.7) for women and 33.0 (7.2) for men. The difference in mean age between women and men was not statistically signi®cant (P 0.12).
The mean (s.d.) of dietary intake and anthropometric measurements in men and women are shown in Table 2 .
The mean energy intake and fat intake (in kcalad) were signi®cantly higher in men compared to women. However, the percentage of energy as fat was almost identical in both Sex differences in measures of body fatness S Paeratakul et al sexes. The mean weight, height and MAC were signi®-cantly higher in men than women, but the mean BMI, TSF, and MAFA were signi®cantly higher in women than men. The sex difference in the measures of peripheral fat mass was especially marked: the mean TSF and MAFA were at least 50% higher in women than men.
The correlation between fat intake and anthropometric measurements is shown in Table 3 .
Fat intake, either as absolute intake or as percentage of total energy intake, was positively correlated with BMI in men but not in women. Fat intake was positively correlated with TSF and MAFA in both sexes. Total energy intake was not signi®cantly correlated with BMI, TSF, or MAFA in men. In women, the total energy intake was positively correlated with BMI and negatively correlated with TSF.
Multivariate analysis of the relationships between diet and BMI, TSF, and MAFA was initially performed using the total sample and including diet ± gender interaction terms in all regression models. Tests for the equality of intercepts, parallelism, and coincidence of regression lines were used to examine the statistical interaction between diet and gender in the models (Kleinbaum et al, 1988) . Results suggested that the effect of diet on BMI, TSF, and MAFA was different in men compared to women. For example, the effect of fat energy on BMI was present only in men, and the effect of non-fat energy on BMI was seen only in women. Subsequently, we conducted separate analyses for men and women.
The results from multiple regression analysis of diet ± BMI association, controlling for age and physical activity are presented in Table 4 .
Results showed that fat energy was positively and signi®cantly associated with BMI in men, and non-fat energy was positively associated with BMI in women. Age was positively related to BMI, and physical activity was inversely related to BMI in both sexes.
The results from regression analysis of the diet ± TSF relationship, controlling for age and physical activity level, are presented in Table 5 .
Fat energy was positively associated with TSF in both sexes. Non-fat energy was inversely associated with TSF, and age was positively associated with TSF in women. Non-fat energy and age were not signi®cantly related to TSF in men.
The results from multiple regression analysis of the relationship between diet and MAFA, controlling for age and physical activity level, are presented in Table 6 . The results were similar to those of the diet ± TSF relationship. Overall, Tables 4 ± 6 suggest that the effect of fat energy on BMI, TSF, and MAFA was greater in men than in women, whereas the differences in the effect of non-fat energy in men and women were not consistent. In women, non-fat energy intake was positively associated with BMI but negatively associated with TSF and MAFA. In men, non-fat energy was not associated with BMI, TSF, or MAFA. Physical activity was strongly and inversely associated with these anthropometric measures in both sexes, the effect being similar in men and women. Age was positively associated with body fatness, with a stronger effect in women than men.
Discussion
In this paper, we have shown the sexual dimorphism in anthropometric measures of body fatness. As documented in the literature, the sex difference in peripheral body fatness was especially marked. Data on central body fatness such as subscapular skinfold and waist circumference were not available. However, these results highlight the importance of such dimorphism in epidemiologic study of obesity since body mass index, triceps skinfold thickness, and to lesser extent mid-upper arm fat area, have been used extensively as the indirect measures of body fatness in the population.
Results from descriptive analysis show that the total energy intake and total fat intake were higher in men than women in our sample. This is to be expected since men have larger body mass and they reported higher physical activity. However, fat intake as the percentage of total energy was virtually identical in both sexes. These results support the view that with presumably similar diet, men and women can differ considerably in average body fatness (Seidell, 1998) .
Sexual dimorphism in body fatness underlies the difference in risk of obesity in male and female populations. Using gender-speci®c BMI cutoff poins to de®ne overweight and obesity in the US population, it was estimated that 32.2% of men and 37.9% of women were either overweight or obese during the 1976 ± 80 period (Kuczmarski, 1992; Najjar & Rowland, 1987) . Note that these cutoff points were statistically de®ned and this approach has been criticized (National Research Council, 1989) . Using the BMI cutoff points of 25 kgam 2 and 30 kgam 2 to de®ne overweight and obesity in both sexes (World Health Organization, 1995) , 59.4% of men and 50.7% of women in the United States were either overweight or obese during the 1988 ± 94 period: the total of about 97 million people (Flegal et al, 1998; Kuczmarski et al, 1997) . Interestingly, the use of these BMI cutoff points has resulted in a sharp increase in crude prevalence of overweight and obesity in men to nearly 60%. Our results also show that the mean anthropometric indices in this study sample are much lower than those of the Western population. For example, the 50th percentiles of BMI, TSF, and MAFA in men and women in this sample are all at least 40% lower than the corresponding percentiles in Canadian population (Gibson, 1990) . Therefore, population-speci®c criteria to de®ne overweight and obesity may be desirable. This is true if it can be demonstrated that health risks of obesity emerge at different levels of body fatness in different populations. For example, a study of Tokunaga et al shows that the BMI of about 22.0 kgam 2 was associated with lowest morbidity in Japanese men and women (Tokunaga et al, 1991) . Unfortunately, all longterm studies of body weight and mortality have been limited to the Western populations, and the weight criteria derived from these populations should be used in all countries for the present time (World Health Organization, 1990) .
Results from multiple regression analysis show that the effect of dietary fat on BMI, TSF, or MAFA was greater in men than women in our study sample. For example 100 kcal of fat energy was associated with 0.057 BMI unit in men (equivalent to 0.16 kg for a man of average height) compared to 0.018 BMI unit in women (equivalent to 0.04 kg for a woman of average height). This difference persisted in spite of the fact that larger proportions of men reported higher level of physical activity at both surveys. Fat energy was positively associated with TSF in both sexes, while non-fat energy was positively associated with BMI but negatively associated with TSF in women. The inconsistencies between the diet ± BMI association and the diet ± TSF association can not be easily explained. We speculate that these may be caused by the sex difference in regional fat distribution, and it is also possible that diet may differentially affect body fat depots in both sexes. Because MAFA is derived from TSF, the reason for similarity between regression models of diet ± TSF and diet ± MAFA associations is obvious.
The main implication of these ®ndings is that genderspeci®c analysis should be carried out in the epidemiologic study of diet ± body weight relationship. The test of statistical interaction between diet and gender is a useful exploratory tool for this purpose. As mentioned above, the possibility that dietary fat may have a differential effect on body fatness in men and women has not been studied. However, there are some biologic explanations to support this hypothesis. Obviously, the ®ndings presented in this paper are very far from conclusive. To investigate such dimorphism, speci®c studies including studies conducted under controlled experimental conditions are necessary.
In recent years, the relationship between body fat mass, body fat distribution, and the metabolic abnormalities in men and women have been studied extensively. The sex difference in body fat distribution, for example, may be attributed to the fact that women have more lipoprotein lipase (LPL) and higher LPL activity in gluteal and femoral regions which also contain larger fat cells than men (Rebuffe-Scrive & Bjorntorp, 1985) . This may explain the tendency for women to deposit fat preferentially in lower body fat depots (World Health Organization, 1997). On the other hand, men appear to preferentially deposit fat in the abdominal region, as suggested by the fact that visceral fat represents about 21% of total body fat in men compared with 8% in women (Kvist et al, 1986 (Kvist et al, , 1988 . Moreover, an increase in total body fat was associated with greater increase in visceral fat in men (Lemieux et al, 1993) . The amount of visceral fat is strongly correlated with several metabolic alterations such as glucose intolerance, elevated low-density lipoprotein, and hyperinsulinemia (Kissebah, 1991 (Kissebah, , 1996 Gillum, 1987; Larsson et al, 1992) . Visceral fat is also more vascular than subcutaneous fat, and is subject to greater sympathetic nervous system activity (Jones et al, 1996) . These may help to explain the greater prevalence of metabolic abnormalities and heart disease in men than in premenopausal women (World Health Organization, 1997) . Visceral obesity has also emerged as a strong and independent risk factor for noninsulin dependent diabetes mellitus (Kissebah 1991 (Kissebah , 1996 . Sex difference in the amount of body fat itself may also contribute to the potential difference in effect of dietary fat on body weight in men and women. The effect of diet on body fatness is strongly in¯uenced by fat oxidation, which in turn depends on composition of the diet and the body fat mass (Flatt, 1987; Salmon & Flatt, 1985) . It is believed that the body fat mass directly and positively in¯uences fat oxidation through regulation of circulating free fatty acids (Flatt, 1987) , and that the effects of diet on fatty acid metabolism can be dramatic and are not the same in upperbody and lower-body obesity (Jensen, 1998) . Therefore, it is possible that men, with smaller body fat mass and unfavorable body fat distribution, may metabolize and dispose excess dietary fat less ef®ciently than women. Theoretically, this implies that when exposed to high-fat diet, men may gain weight more rapidly than women with the same initial body weight. The relationship between body fat mass and fat oxidation may also explain the ®nding that individuals with higher body fatness need to eat more to gain a given amount of weight than do those who are lean (Forbes, 1990) . If our hypothesis is correct, then it supports the notion that, within the context of abdominal obesity, there is a special need for men to halt further weight gain in order to prevent metabolic and health complications (Dionne et al, 1999) .
Finally, the android fat distribution pattern with high waist-to-hip (WHR) may be associated with impaired dietinduced thermogenesis (DIT). Generally, WHR is inversely correlated with DIT (Van Gaal et al, 1992) . Any abnormality in DIT may have signi®cant effect, since it accounts for about 10% of the total energy expenditure. However, the relationship between fat distribution pattern and DIT remains unclear (Weststrate et al, 1990) . More recently, the effect of abdominal obesity on other components of energy expenditure such as resting metabolic rate has been studied (Dionnne et al, 1999) . Again, it was found that abdominal adipose tissue may exert a potent and probably adverse effect on energy metabolism which is more detectable in men who store more fat in this compartment than women.
In conclusion, there is limited but biologically plausible evidence to support our hypothesis that men may be more susceptible to the effect of a high-fat diet compared to women with similar body weight. Regardless of whether this hypothesis is correct, however, it is becoming clear that excess body fatness may be associated with greater health risk in men than women. For example, men were found to have about four times higher odds for coronary heart disease than women in a 12-year follow-up study of 2254 adults, with the difference in risk being attributed mostly to the waist-to-hip ratio (Larsson et al, 1992) . Obesity was found to be an independent risk factor for coronary heart disease mortality in men in a 15-year prospective study of 16,113 men and women (Jousilahti et al, 1996) , and the total mortality was increased in obese men but not in women in a 12-year follow-up study of 48,287 adults (Seidell et al, 1996) . In the most recent study, all-cause mortality was consistently higher in obese men than women across all levels of body fatness in a 14-year follow-up study of 6193 obese subjects: the difference in risk ranged from an average of 15% to about 35% excess risk in younger obese men (Bender et al, 1999) . Obviously, we do not imply that obesity is without risk in women. Such evidence points to the sex difference in risk of obesity comorbidities, and to the importance of sexual dimorphism in body fatness and fat distribution in in¯uencing these risk. The possibility that men may be more susceptible to the effects of excess dietary fat than women needs to be explored. Such difference, if indeed exists, would have several profound implications.
